Stress plays a major role in inducing depression, which may arise from interplay between complex cascades of molecular and cellular events that influence gene expression leading to altered connectivity and neural plasticity. In recent years, microRNAs (miRNAs) have carved their own niche owing to their innate ability to induce disease phenotype by regulating expression of a large number of genes in a cohesive and coordinated manner. In this study, we examined whether miRNAs and associated gene networks have a role in chronic corticosterone (CORT; 50 mg kg − 1 × 21 days)-mediated depression in rats. Rats given chronic CORT showed key behavioral features that resembled depression phenotype. Expression analysis revealed differential regulation of 26 miRNAs (19 upregulated, 7 downregulated) in prefrontal cortex of CORT-treated rats. Interaction between altered miRNAs and target genes showed dense interconnected molecular network, in which multiple genes were predicated to be targeted by the same miRNA. A majority of altered miRNAs showed binding sites for glucocorticoid receptor element, suggesting that there may be a common regulatory mechanism of miRNA regulation by CORT. Functional clustering of predicated target genes yielded disorders such as developmental, inflammatory and psychological that could be relevant to depression. Prediction analysis of the two most prominently affected miRNAs miR-124 and miR-218 resulted into target genes that have been shown to be associated with depression and stress-related disorders. Altogether, our study suggests miRNA-mediated novel mechanism by which chronic CORT may be involved in depression pathophysiology.
INTRODUCTION
Depression is one of the most prevalent psychiatric disorders worldwide and is a major public health concern.
1 About 50% patients suffering from depression show suicidal thought and tendency at some point in their lives; of them 10-15% eventually commit suicide. 2 Interestingly, almost 50% of patients do not recover following an antidepressant trial and 20% of these patients fail to respond to any intervention. 3, 4 This could partially be a result of a poor understanding of the molecular pathophysiology underlying depression.
Several lines of evidence suggest that depression arises from a combination of genetic and environmental factors. 5 Stress represents one of the major environmental risk factors that can lead to precipitation of depression. 6 How stress causes depressive symptomatology is not well-defined, nevertheless, there is a wellestablished connection of stress-mediated hyperactive hypothalamus-pituitary-adrenal axis (HPA) and depression, which is primarily associated with altered expression and function of glucocorticoid receptors (GRs) that may lead to feed-back inhibition, resulting in elevated levels of circulating glucocorticoids and protracted responses to stressors. 6 Recently, small noncoding RNAs, which act as mega controllers of gene expression, have gained a wide-spread attention as a major regulator of disease phenotypes. 7, 8 These small non-coding RNAs regulate gene expression by several mechanisms including ribosomal RNA modifications, repression of mRNA expression by RNA interference, alternative splicing and regulatory mechanisms mediated by RNA-RNA interactions. 9 The group of small non-coding RNAs includes: microRNAs (miRNAs), small nucleolar RNAs, small interfering RNAs, piwi-interacting RNAs, splisosomal RNAs and endoribonucleases RNase mitochondrial RNA processing (MRP) and RNase P genes. Of them, miRNAs are the most studied and well-characterized non-coding RNAs and have emerged as a most prominent regulator of neural plasticity and higher brain functioning. 8, 10, 11 miRNAs are encoded in the genomes (inter or intragenic) and are transcribed into primary miRNA gene transcripts that are converted into precursor miRNAs by Drosha, a nuclear RNase III. Precursor miRNAs are then exported to cytosol and processed by the RNase III Dicer to generate mature miRNAs, which are about 22 nt in length. These mature miRNAs are then incorporated into the RNA-induced silencing complex, which then regulate gene expression by pairing primarily to the 3ʹ untranslated region of protein-coding mRNAs to repress target mRNA translation and/or induce target degradation. 12 Generally, the gene expression regulation by miRNAs occurs in a coordinated and cohesive manner. Because of this feature, miRNAs are able to regulate entire genetic circuitries and thereby play a critical role in maintaining biological homeostasis. 13 Considering the fundamental role of miRNAs in mediating biological events, any perturbations in the expression of miRNAs may result in the imbalance of homeostasis, which are often reflection of imbalances in the regulatory network that can distinguish normal vs disease states. Hence, miRNA fingerprinting is currently being utilized as novel tool for diagnosis, prognosis and disease surveillance.
In recent years, miRNAs have been under intense investigation for their role in psychiatric disorders including major depression. These include studies in human postmortem brain and fibroblasts of depressed patients as well as in brains of animals that show resiliency to chronic stress. [14] [15] [16] In this context, we recently reported that miRNAs are highly dysregulated in the dorsolateral prefrontal cortex of depressed individuals 17 and hopeless behavior in rats can cause blunted miRNA response in frontal cortex. 18 Also, we found that depression phenotype in rats was reversed by a fluoroquinoline compound that acts on dicer/TRBP complex. 19 To further understand the role of miRNAs in stress and depression pathophysiology, we examined miRNA expression and mapped network of genes based on in silico prediction model regulated by miRNAs in prefrontal cortex (PFC) of rats given chronic administration of exogenous corticosterone (CORT) as a means to study the elevated CORT levels that would occur as a consequence to stress exposure and that can lead to depressive phenotype. 20 
MATERIALS AND METHODS Animals
Virus-free male Sprague-Dawley rats (Harlan Sprague-Dawley Laboratories, Indianapolis, IN, USA) were housed under standard laboratory conditions (temperature 21 ± 1°C, humidity 55 ± 5%, 12:12-h light/dark cycle). Animals were provided free access to food and water and adapted to the laboratory environment for 1 week before the experiment. Body weights were 325-350 g at the start of the experiment. Rats were housed in groups of three. Experimental procedures were approved by the Animal Care Committee of the University of Illinois at Chicago.
CORT injections
A total of 64 animals were randomly assigned to 2 groups: 1 group was administered CORT (Sigma Chemical, St. Louis, MO, USA) s.c. once per day in a dose of 50 mg kg − 1 of body weight, emulsified in propylene glycol (Fisher Scientific, Pittsburgh, PA, USA). The other group of animals was injected with vehicle (propylene glycol). Injections were given between 0900 and 1100 hours for 21 consecutive days. This dose was selected based on previous studies in which similar dose was effective in inducing depression-like behavior in rats. [21] [22] [23] [24] Separate groups of rats underwent behavioral testing independently to avoid any confounding effects (n = 8 per group). We chose n = 8 per group based on previous studies in which similar CORT dose produced robust depressive behavior phenotype using 8-15 animals per group. 19, 20 In certain cases, CORT was given for 21 consecutive days prior to the behavioral testing and were continued through behavioral testing. miRNA expression was examined in pooled brain samples from a separate set of rats 24 h after the last CORT injection to avoid any stress-associated confounding changes. Rats were decapitated 24 h after the last CORT injection between 0900 and 1100 hours, corresponding to 3-5 h after lights on. The trunk blood was collected on ice and was centrifuged, and then the serum was stored at − 80°C until the assays were performed. Serum CORT levels were measured by a radioimmunoassay kit (ICN Biomedical, Irvine, CA, USA). For miRNA assays, brains were removed quickly and were dissected on ice as follows: first, the cerebellum was removed; then the anterior parts of the frontal lobes were dissected on the level of bregma 3.2 in accordance with Paxinos and Watson coordinates 25 after removal of their basal parts at the level of the rhinal fissures. The collected parts were regarded as PFC and immediately frozen on dry ice before transferring to − 80°C for storage. Body weight was recorded on day 1, 7, 14 and 21. Adrenal weight was determined on day 21.
Behavioral procedures
The experimenters were blinded to all the behavioral measurements. The number of animals used in each experiment is provided in Supplementary  Table 1 .
Sucrose preference test
Sucrose preference test was performed as described by Mao et al. 26 Initially, the rats were trained to adapt to sucrose solution (1%, w/v) by placing two bottles of sucrose solution in each cage for 24 h; then one of the bottles was replaced with water for 24 h. After the adaptation procedure, the rats were deprived of water and food for 24 h. The rats were housed in individual cages and given free access to the two bottles containing 100 ml of sucrose solution (1%, w/v) and 100 ml of water, respectively. After 3 h, the volumes of consumed sucrose solution and water were recorded. The percentage of sucrose solution from the total liquid ingested represented the parameter of hedonic behavior.
Forced swim test
The forced swim test (FST) was performed essentially by the procedure described by O'Donovan et al. 27 The procedure was done in 2 days. The FST involved a 15-min pre-test followed by a 5 min test 24 h later. The test was conducted in a rectangular Plexiglas swim tank (25-cm long × 25-cm wide × 60-cm high). The tank was filled with 27 ± 2°C water to a depth of 30 cm and rats were placed individually for 5 min. The length of time animals spent immobile was measured over the 5-min test session. Immobility was defined as moving the limbs only enough to stay above water, as opposed to escaping or exploring behavior.
Open-field test
The open-field test was used to assess general locomotor activity as described by Marks et al. 24 The open field was a 70-cm long × 70-cm wide × 60-cm high black wooden box with a transparent Plexiglas bottom and no top. The floor of the open field was divided into 36 identical squares by tape attached underneath the floor. Each rat was placed individually into a corner of the open field and allowed to explore for 5 min. Number of lines crossed during the 5 min session was calculated. Locomotor activity was inferred from the number of lines crossed.
RNA isolation
Total RNA was isolated from PFC using a modified protocol designed to optimize recovery of small RNAs. 28 Glycoblue 20 μg (Ambion, Waltham, MA, USA) was added to the RNA precipitation step, which was allowed to proceed overnight at − 20°C. The RNA pellet was spun down at 20 000 g for 25 min at 4 o C; rinsed with 80% ethanol in nuclease-free water (Invitrogen Life Technologies, Carlsbad, CA, USA); resuspended in RNAsecure (Ambion); and treated with DNase I using DNA-free kit (Ambion). The purity of RNA was determined by measuring the optical density with an absorbance ratio of 260/280 (NanoDrop spectrophotometer, ThermoScientific, Waltham, MA, USA) and running the samples on agarose gel to determine the integrity.
TLDA-based miRNA expression analysis Expression of miRNAs was determined as described earlier. 18 Reverse transcription (RT) was performed following the manufacturer's protocol with the TaqMan MiRNA Reverse Transcription kit (Applied Biosystems, Foster City, CA, USA) and the multiplex RT for TaqMan MicroRNA Assays that consisted of eight predefined RT primer pools. For each RT pool, 100 ng of total RNA was used and the product was diluted 1:62.5 and 55 μl diluted product mixed with 55 μl of TaqMan Universal PCR Master Mix (Applied Biosystems), No AmpErase UNG (Applied Biosystems). About 100 μl of each mix was dispensed in the appropriate well in the TaqMan Rodent MicroRNA Array v3.0 (Taqman low density array (TLDA), Applied Biosystems) and run to 40 cycles as per manufacturer's protocol on an ABI 7900HT RT-PCR machine (Applied Biosystems). miRNAs were assayed on two plates, A and B; A plates contained many of the canonical miRNA sequences in miRBase, whereas the B plate primarily contained minor or star (*) miRNAs sequences arising from the opposite arm of the pre-miR hairpin precursor (Supplementary Table 2 
Statistical analysis
All data were analyzed using Statistical Package for the Social Sciences, version 21 (IBM, New York, NY, USA) and are represented as means ± s.d. None of the animals were excluded from the statistical analysis. Group differences in body weight were analyzed using analysis of variancerepeated measures to test for the effects of time and CORT treatment, as well as their interactions. This was followed by post hoc t-tests. Serum CORT levels and behavioral tests between vehicle and CORT-treated groups were analyzed by independent sample t-test. Statistical significance was calculated using both the non-parametric Wilcoxon paired sign-rank test, two-tailed and the paired t-test. Paired tests were conducted to match rats that were subjected to CORT and vehicle treatment in the same experiments and samples that were prepared and analyzed for miRNA abundance in the same runs. 28 Both methods produced similar results. The criterion for statistical significance was set at P ⩽ 0.05.
Target genes and network analysis
Statistically significant miRNAs were analyzed for their mRNA targets using Ingenuity Pathway Analysis Software (IPA; Qiagen, Valencia, CA, USA). Briefly the miRNA-target module in IPA was used to filter the list of significantly altered up or downregulated miRNAs to retrieve a population of target mRNAs. Two sets of target mRNAs were analyzed: (1) a set of mRNA target gene was prepared using TarBase, Ingenuity Expert Finding and miRecords (Qiagen, Redwood City, CA, USA) with experimental validation; (2) another set of mRNA target gene was prepared based on number of conserved targeting site and total context score prediction value with a high-to-moderate degree of 3ʹ untranslated region-binding specificity with the miRNA seed sequence using TargetScan (Cambridge, MA, USA). The short listed target genes were further analyzed with IPA core analysis module for functional enrichment of target genes deciphering their role in canonical pathway, molecular network along with disease pathway using Fisher Exact Test and P-value threshold set at ⩽ 0.05. The initial data output from canonical pathway were further filtered by setting the criteria stringently to represent only a few selected pathways related to stress pathophysiology.
Validation analysis of select miRNAs by qPCR
Relative quantification of select mature miRNAs was reexamined following a poly-A tailing method using Poly-A polymerase kit (Life Technologies, Carlsbad, CA, USA). Polyadenylation of short RNAs was carried out by 4 U of Escherichia coli poly-A polymerase enzyme in addition to 1x poly-A polymerase buffer, 2.5 mM MnCl 2 , 1 mM rATP and 40 U of RNaseOut (Life Technologies) for a 10 μl reaction volume. The reaction mixture was initially incubated for 30 min at 37°C followed by the addition of 1 μm oligo dT adapter primer (5′-GCGAGCACAGAATTAATACGACTCACTATAGG TTTTTTTTTTTTTTTTTTVN-3′) and then quick incubation of 5 min at 60°C. Reaction was finally cooled to 4°C before proceeding to complementary DNA synthesis. The poly-A tailed RNA population was reverse transcribed following M-MLV RT-mediated 1st strand complementary DNA synthesis method mentioned in manufacturer's protocol (Life Technologies).
Relative transcript abundance of specific miRNA was quantified using EvaGreen in the MX3005P qPCR system (Stratagene, Santa Clara, CA, USA). Briefly, mature miRNAs were amplified using 1 × EvaGreen qPCR Mastermix (Applied Biological Material, Richmond, BC, Canada) in combination with 0.8 μM each of gene-specific forward primer and oligo dT adapter sequence specific universal reverse primer. The primer sequences were as follows: miR-124: 5′-TAAGGCACGCGGTGAAT-3′; miR--218: 5′-TTGTGCTTGATCTAACCATGTAAAA-3′; miR-29a: 5′-TAGCACCATCTG AAATCGGTTA-3′; miR-146a: 5′-TGAGAACTGAATTCCATGGGTT-3′; miR-200c: 5′-CTGCCGGGTAATGATGGA-3′; miR-155: 5′-TTAATGCTAATTGTGATAGGGG TAAAA-3′. U6 small nuclear RNA-specific forward (5′-CTCGCTTCGGCAGCA CA-3′) and reverse (5′-AACGCTTCACGAATTTGCGT-3′) primers were used at 0.8 μM concentration to amplify endogenous control transcript. Fortyfold diluted raw complementary DNA was used as a template for quantitative real-time PCR (qPCR) amplification following a thermal parameter of initial denaturation at 95°C for 10 min followed by repeating 40 cycles of denaturation at 95°C for 10 s, primer annealing at 55°C for 15 s and an extension of amplicon at 72°C for 20 s. Possibility of primer dimer formation and secondary product amplification was ruled out by running a single cycle of EvaGreen-specific dissociation curve analysis program with initial denaturation at 95°C for 1 min followed by annealing at 55°C for 30 s and repeat denaturation at 95°C for 30 s. Relative transcript abundance of the amplified miRNA was measured following the ΔΔCt method (Supplementary Table 4 ) of calculation as mentioned above in the TLDA experiment.
Expression analysis of select target genes by qPCR
To examine whether altered miRNAs were associated with changes in the expression of predicted target genes, we randomly selected seven genes that show putative binding sites for certain significantly altered miRNAs and have relevance in depression pathophysiology. mRNA levels of these genes were determined by qPCR using EvaGreen/SybrGreen-based reaction chemistry (EvaGreen qPCR Mastermix) as discussed above. The primer sequences for each gene were designed and are as follows: CREB1 (forward: 5′-AGTGGCAGTGCTTAAAAACCAAA-3′; reverse: 5′-CTGACTTGTGG CAGTAAAGGTC-3′), BDNF (forward: 5′-CCCCATCACAATCTCACGGT-3′; reverse: 5′-GTTGCGGAGGGTCTCCTATG-3′), CaMKIIα (forward: 5′-AGACACC AAAGTGCGCAAAC-3′; reverse: 5′-TTCCAGGGTCGCACATCTTC-3′), AKT3 (forward: 5′-TCCCCCGAACACTCTCTTCA-3′; reverse: 5′-CCCTCCACCAAGGCG TTTAT-3′) and NR3C1 (forward: 5′-AAGACTTGGCGACAGAAGCA-3′; reverse: 5′-CCATGCCTCCACGTAACTGT-3′). All the values were normalized using rat-specific GAPDH (forward: 5′CACTGAGCATCTCCCTCACAA-3′, reverse: 5′-TGGTATTCGAGAGAAGGGAGG-3′) as endogenous control. The results were calculated using ΔΔCt method (Supplementary Table 5 ) and reported as fold change.
RESULTS
Effect of chronic CORT administration on body weight gain, adrenal weight and serum CORT level The body weight of the rats was taken on days 1, 7, 14 and 21 and is depicted in Figure 1a . Repeated measures analysis revealed a significant effect of both time (time: F 1,14 = 75, P o0.001) on body weight and interaction between treatment and weight (F 1,14 = 604, P o0.0001). Post hoc t-tests further revealed that the groups had similar body weights on day 1 of the injections (t 14 = 0.04, P = 0.97), however, after 7 days of injections, the CORT-injected rats weighed significantly less than the vehicle-injected rats (t 14 = 11.9, P o0.001). This effect persisted on days 14 (t 14 = 29.0, P o 0.001) and 21 (t 14 = 30.3, P o0.001) of CORT injection. The weight of the adrenal glands was also lower in the CORT-treated group compared with the vehicle-treated group (t 14 = 9.2, P o 0.001; Figure 1b) .
The serum CORT level is shown in Figure 1c . It was found that the level of CORT was significantly higher in CORT-treated group as compared with the vehicle-treated group (t 14 = − 9.1, P o0.001).
Effect of chronic CORT administration on forced swim, sucrose preference and open-field tests The effect of CORT treatment on the immobility time in the FST is given in Figure 1d . As can be seen, CORT-treated rats showed significantly higher immobility time as compared with vehicletreated rats (t 14 = − 17.5, P = o 0.001). Chronic CORT injections in rats also resulted in a significant reduction in the percentage of sucrose consumption compared with the vehicle control rats (t 14 = − 13.65, P ⩽ 0.001; Figure 1e ). On the other hand there was no significant difference between chronic CORT-treated and vehicle-treated groups in total lines crossed during the 5-min open-field test (t 14 = 0.87, P = 0.40; Figure 1f ).
Effect of chronic CORT administration on miRNA expression in the PFC As mentioned in the Materials and methods section, miRNAs were assayed on two plates, A and B; A plates contained many of the canonical miRNA sequences in miRBase, whereas the B plate miRNAs and chronic corticosterone-induced depression Y Dwivedi et al primarily contained minor or * miRNA sequences arising from the opposite arm of the pre-miR hairpin precursor. A total of 734 miRNAs were examined (Supplementary Table 2 ). Of them, 373 were unique miRNAs for rats. We examined only those miRNAs that showed Ct value ⩽ 35 as miRNAs showing 435 Ct values (Supplementary Table 2) showed much less reliability when samples were run on duplicate plates. As shown in Table 1 , we found that a total of 21 miRNAs were significantly altered in plate A, whereas only 5 miRNAs showed significant change in Plate B. Of 21 miRNAs of plate A, 17 miRNAs were significantly upregulated and 4 were significantly downregulated in the PFC of CORTtreated rats. On the other hand, in plate B, three miRNAs were significantly downregulated and two miRNAs were significantly upregulated ( Table 1) .
The updated accession numbers, chromosomal coordinates, seed sequences and transcriptional units for each miRNA were obtained from miRbase (v.21) (Manchester, UK) and are shown in Table 1 . Out of 26, 16 significantly affected miRNAs were found to be localized at the adjacent genomic loci. For example, miR-218, miR-324-5p, miR-365 and miR-146a were localized on chromosome 10; miR-764-5p and miR-351 on chromosome X; miR-101 and miR-30e on chromosome 5; miR-582 and miR-137 on chromosome 2; miR-153 and miR-203 on chromosome 6; miR-124 and 181a on chromosome 3 and miR-135a*/miR-135a-3p and let-7i on chromosome 7. Some of the miRNAs that were localized on the chromosome and in close proximity showed the same direction of changes. For example, miR-324-5p, miR-365 localized on chromosome 10 and miR-153 and miR-203 localized on chromosome 6 showed significant upregulation. On the other hand, miR-764-5p and miR-351, which are localized on chromosome X showed significant downregulation. The degree of changes for miRNAs localized on the same chromosome was almost the same.
When the promoter regions of altered miRNAs were analyzed (Transfac database v.7.0, Biobase-Qiagen, Waltham, MA, USA), we found that majority of the miRNAs that were modulated by CORT had binding motifs for GR, which were either simple, composite or tethering type within the 1-kb upstream of the transcription start site (Supplementary Figure 1) . When most significantly upregulated or downregulated miRNAs (for example, miR-124, miR-218, miR-146a and miR-155) were further analyzed, we found that these miRNAs had at least three simple GR elements (Supplementary Figure 1) .
Validation of select miRNAs by qPCR
To replicate the findings obtained using TLDA array plate, we selected three miRNAs that were upregulated (mir-124, miR-218, miR-29a) and three, miRNAs that were downregulated (miR-146a, miR-200c, miR-155) based on their highest degree of significance by chronic CORT treatment and re-analyzed their expression individually by qPCR. RNA expression of U6 gene was used as a normalizer which did not show significant difference across the two groups (P = 0.26). The results showed that the relative miRNA levels measured by qPCR were essentially the same as measured by TLDA array plate (Supplementary Figure 2a) and were positively correlated with the fold change found in the TLDA array plate assay (r 2 = 0.98; P o 0.001; Supplementary Figure 2b ).
Functional analysis of CORT-mediated miRNAs by global and integrated analysis of the miRNA and mRNA expression profile To further investigate the global association between transcript abundance of miRNAs and their target genes in CORT-associated psychopathology, we analyzed all the 26 miRNAs that were differentially regulated by chronic CORT administration. For this, we used TarBase, Ingenuity Expert Finding and miRecords with experimental validation. In addition, the number of conserved targeting site and total context score prediction value with a highto-moderate degree of 3ʹ untranslated region-binding specificity with the miRNA seed sequence were also used. We found that not We next selected two specific miRNAs-miR-124 and miR-218-which showed the most statistically significant changes in the CORT-treated group. Target analysis revealed a large number of genes that were affected by these two miRNAs (Figure 2a) . Genes that were directly associated with psychological/psychiatric disorders are indicated by blue color. Interestingly, several of these genes (CREB1, MECP2, GRIA2, GRIA4, SP1, PIK3C2A, NFATC1, GSK3β) showed an overlapping pattern of regulation by these two miRNAs. Further functional network analysis based on regulatory relationship between miR-124 and miR-218 target genes showed critical genes that have earlier been reported to be the stressrelated pathology (Figure 2b ). These include: BDNF, GRs (NR3C1 and NR3C2), CREB1, glutamate receptors NMDA1 and NMDA3 (GRIN1, GRIN3), PDE4A, PDE4B, vesicular monoamine transporter (SLC18A2), glutamate receptors AMPA2 (GRIA2), AMPA3 (GRIA3), AMPA4 (GRIA4), protein tyrosine phosphatase (PTPN1), MARCKS, BCl2, STAT3, SMAD4, IL6, IL10, GABA, glutamate, GABA or dopamine transporters SLC1A2, SLC6A1, SLC6A3, MEF2C, GSK3β, transcriptional repressor methyl-CpG-binding protein 2 (MECP2), glutamate receptor, ionotropic kainate 2 (GRIK2) and HDAC5 and HDAC9. As indicated in Figure 2b , these genes either had direct regulatory relationship with each other or were indirectly related.
To examine the phenotypes associated with CORT-induced altered miRNAs, we performed mapping of genes to known human diseases and disorders. The top five disorders included developmental, inflammatory, neurological, psychological and protein degradation (Figure 3a) . Among psychological disorders, major depressive disorder was associated with 88 predicated genes, whereas overall mood disorder was associated with 133 predicted genes. Further canonical pathways analysis (Fisher Exact Test and P-value threshold set at 0.05) revealed nine functionally relevant pathways that were of high interest (Figure 3b ). Of them, the axonal guidance pathway contained the most affected genes (266 genes) followed by protein kinase A (207 genes) and GR (154 genes) signaling. In addition, corticotropin-releasing hormone signaling (68 genes), dendritic cell maturation (69 genes) and GABA receptor signaling (30 genes) were of high interest. A number of serotonergic genes (18 genes) also appeared in the list that was predicated to be affected by multiple miRNAs. We further analyzed corticotropin-releasing hormone signaling pathway in detail and found that several genes associated with stress signaling are directly affected by CORT-induced altered miRNAs. As shown in Figure 4 , some of the these genes included: PKC, MEK1/2, p38 MAPK, ERK1/2, Rap1, PKA, CaMK4, c-Jun, Fas-L, BDNF and CREB, which can lead to altered pro-inflammatory response, neurogenesis, cell differentiation, corticosteroid synthesis and cell survival. mRNA analyses of select target genes in PFC of CORT-treated rats The relative transcript abundance of predicted target genes for a few significantly upregulated miRNAs were analyzed in PFC of vehicle and CORT-treated rats by qPCR. GAPDH was used as endogenous control, which did not differ between vehicle and CORT-treated groups (P = 0.21). As can be seen in Supplementary  Figure 4 , we found that expression of CREB (P o0.001), BDNF (P = 0.012), CaMKIIα (P = 0.002), AKT3 (0.044) and NR3C1 (P = 0.014) were significantly decreased in CORT-treated group. We did not find any significant difference in the expression of PTEN (P = 0.48) and VEGFA (P = 0.72) genes in CORT-treated rats, although there was a trend of decrease in both these genes.
DISCUSSION
Chronic CORT-induced depression in rodents is a well-established animal model that allows examination of the direct effects of glucocorticoids on the development of depressive symptomatology. 20 In this model, rodents show not only profound maladaptive changes in emotional behavior and dysregulated HPA axis functions but also key features that resemble phenotypic characteristics of clinical depression. These include FST immobility, decreased sucrose preference, decreased sexual and grooming behavior, decreased reward behavior, and impaired spatial working memory and executive functions. 20, 29 Many of these behavioral changes are reversed by antidepressant treatment 30 supporting the predictive validity of this model. In the present study, we found that chronic CORT-treated animals showed significantly lower body weight gain over a period of 21 days, as well as lower adrenal weight, which are the two key physiological manifestations of depression that have earlier been reported in chronic CORT-treated animals. 20, 22, 24, 31, 32 As have been shown in these studies as well as in our present study, the depression-like behavior in CORT-treated animals are not due to body weight loss as these rats do not show changes in locomotors, open field or Morris Water maze test. 21, 22, 33 In fact, this effect has been attributed to the catabolic effects of CORT on muscle tissue. 32, 34 Alternatively, stress-induced changes in energy expenditure may be part of weight loss since there is no change in food intake between vehicle and CORT-treated rats. 35, 36 To assess depressionlike behavior, we examined FST and sucrose preference test and found that chronic CORT-treated rats spent a significantly greater percentage of time immobile and showed decreased sucrose preference. When locomotors activity was examined, CORTtreated rats did not show any change in the open field. Although not assessed in the present study, in the Morris Water maze, rats subjected to repeated high doses of CORT show similar swim distances to control rats. 37 All these evidences collectively suggest that depression-like behavior in these animals is not associated with nonspecific motor behavior. These findings are also quite similar to those reported previously. [22] [23] [24] 29, 38 We examined miRNA expression in PFC for several reasons: (1) PFC is a major target for glucocorticoids and mediates many of the behaviors influenced by stress. 39, 40 This brain area is directly targeted by stress hormones via GRs and is implicated in feedback control of HPA axis activity; 41, 42 (2) several studies show that pathological activation of prefrontal cortical GR by chronic stress negatively impacts GR expression and causes dendritic atrophy and spine loss, suggesting both a loss of prefrontal feed-back control and altered neuronal excitability; 39, 43 (3) PFC shows morphological changes after chronic CORT administration similar miRNAs and chronic corticosterone-induced depression Y Dwivedi et al to those observed in depressed patients; 39, 44 and importantly (4) significant alterations in expression of miRNAs have been noted in PFC of depressed individuals 17 and learned helpless rats. 18 In the present study, we found that chronic CORT administration to rats caused altered expression of 26 miRNAs in the PFC. Of them 19 were upregulated (let-7i, miR-19b, miR-29c, miR-101a, miR-124, miR-137, miR-153, miR-181a, miR-181c, miR-203, miR--218, miR-324-5p, miR-365, miR-409-5p, miR-582-5p, miR-155, miR-29a, miR-30e, miR-721, miR-699) and 7 were downregulated (miR-146a, miR-200c, miR-351, miR-155, miR-678, miR-764-5p, miR-135a*). We confirmed this finding by analyzing the six most significant CORT-induced altered miRNAs (miR-218, miR-124, miR-29a, miR-146a, miR-200c, miR-155) by qPCR. These changes in miRNA expression level in frontal cortex reflect the responsiveness to hyperactive HPA axis as direct representation of increased serum cortisol level in CORT-treated rats, which could be relevant in the development of depressive phenotype, 45, 46 although further studies will be needed to show their direct relationship.
In silico mapping of genes associated with CORT-induced altered miRNAs showed that a large number of genes were associated with developmental, inflammatory and psychological disorder phenotypes. This is not surprising given the role of CORT 47 inflammatory response, 48 and mood and anxiety disorders. 20 In this respect, target gene analysis of individual altered miRNAs revealed a large number of genes that have been shown to be associated with inflammation, synaptic plasticity, cell differentiation, cell survival, cell adhesion and epigenetic modifications. For example, several CORTmediated, altered miRNAs showed target recognition sites in the inflammation-related genes such as interleukin (IL) 1A, IL2, IL6,  IL10, IL10R, IL6R, TLR1, TLR4, TLR9, TLR10, TNF, TNFAIP6 and  TNFAIP3 . Some of these pro-inflammatory cytokines, TNF-α as well as Toll-like receptors, have been implicated in glucocorticoidmediated stress response 49 and in the etiology of major depression. 50 MiR-101a, miR-124, miR-721, miR-181c and miR-365 target ERK/MAPK1, a gene involved in several physiological functions in brain including cell proliferation, differentiation and cell survival. MAPK1 has not only been shown to be downregulated in PFC of depressed subjects 51, 52 and in the frontal cortex of chronic restraint rats 53 but its downregulation can lead to depressive phenotype in rodents. 54 Phospholipase D, whose roles in cell communication and a wide range of biological processes are well demonstrated and whose expression is compromised in rat model of depression, 55 is the target of miR-324-5p. CaMKII, a target gene for miR-137 and miR-324-5p, is well-known for its role in synaptic plasticity. 56 This gene has also been shown to be less expressed in frontal cortex of depressed patients. 57 Another synaptic plasticity-related gene CREB is a target of multiple miRNAs (miR-101a, miR-203, miR-218, miR-721, miR-409-5p). Interestingly its target gene BDNF, whose expression is compromised in depressed brain 58 and whose expression and functions are regulated by CORT, 59 is predicted to be regulated by miR-124 and miR-30e. It is pertinent to mention that CREB itself is less expressed in PFC of depressed individuals. 60 Several axonal guidance, cytoskeleton and cell adhesion genes (ABL1, EPHA10, NFATC1, PLCB3, ACTC1) that are critical for structural plasticity 61 are predicted to be targeted by miR-351 and miR-146a. Several components of PI3 kinase signaling such as AKT3, PTEN, PIK3C2A and PIK3C2, which play critical roles in neurotrophin-mediated signaling and cell survival, 62 are targets of miR-29a, miR-101a, miR-124, miR-181c and miR-678. Earlier studies have shown that PIK3C2A and PIK3C2B are downregulated and PTEN is upregulated in the PFC of depressed subjects. 63 A large number of cyclic AMPspecific PDEs are also targets of multiple miRNAs (miR-101a, miR-124, miR-721, miR-137, miR-19b, miR-30e, miR-365). These PDEs have not only been associated with depression but they possess antidepressants and cognitive-enhancing effects. 64 Serotonergic genes HTR2A and HTR2C, and SLC6A4 (5HTTLPR) are targeted by miR-203 and miR-324-5p, respectively. HTR2A and HTR2C are critical for HPA axis dysregulation, depression and anxiety 65 whereas SLC6A4 polymorphism contributes to depression and familial transmission of vulnerability to emotionality. Canonical pathways affected by CORT-mediated altered miRNAs. Canonical biological pathways associated with genes that are predicted to be targets of CORT-mediated significantly altered miRNAs is shown (P o0.05, Fisher's Exact Test). The ratio is calculated as the number of genes in a given pathway divided by the number of genes that make up the pathway. The P-value for a given process annotation is calculated by considering the number of focus genes that participate in that process and the total number of genes that are known to be associated with that process in the selected reference set. The more focus genes involved, the more likely the association is not due to a random chance. CORT, corticosterone; miRNA, microRNA. Epigenetic associated genes DNMT3A and DNMT 3B, targets of miR-101a, 124, 29a, 30e, have been found to be upregulated in the PFC of depressed suicide subjects. 67 On the other hand, MECP2, a transcriptional regulator targeted by miR-19, miR-30e and miR--365, binds to methylated DNA and has been shown to contribute to early life stress-dependent epigenetic programming of HPA axis-associated genes. 68 Interestingly, when examined, we found that expression levels of CREB1, BDNF, CAMKIIa, AKT1, and NR3C1 were significantly decreased in PFC of CORT-treated rats. As listed in Supplementary Table 6 , these genes were predicted targets of miR-124, miR-101, miR-29a, miR-30e, miR-181c, miR-365 and miR-218. These miRNAs were upregulated in CORT-treated group, suggesting an inverse correlation between these miRNAs and their target genes.
Our analysis showed that some of the miRNAs whose chromosomal localizations were in close proximity had the same direction of changes. In addition, we found that several genes were predicted to be targeted by the same miRNA. These notions signify the evolutionary conservation pattern of gene regulation which may culminate into similar functional output. 69 This may also have relevance where CORT may be regulating functional gene networks in a cohesive manner in inducing distinct depression phenotype. In an earlier study, we reported that normal homeostatic miRNA response to repeated inescapable shock was not merely blunted in frontal cortex of learned helpless rats compared with non-helpless rats but gene expression networks were actively reorganized, giving unique phenotypic learned helpless characteristics to these rats. 18 The precise molecular mechanisms by which CORT regulates miRNAs are not clear; however, we found that all the altered miRNAs possessed putative binding sites for GR. Interestingly, the most significantly altered miRNAs had at least three simple GR elements in the upstream promoter element, suggesting that there is a direct interaction of GR homodimer with these binding sites, which could lead to altered expression of these miRNAs. Besides, we found a few GR elements that were composite or tethering in nature. This could lead to a fine tuning of miRNA regulation in conjunction with other transcription factors. It appears that CORT may be altering transcription of miRNAs by regulating either binding of transcription factors to their putative binding sites or recruitment of transcription factors to specific response elements.
In this study, we found that miR-124 was the most significantly upregulated miRNA in the PFC of CORT-treated rats. miR-124 is specifically expressed in brain 70 and has a significant role in maintaining neuronal cell identity 71 and synaptic plasticity. 72 Earlier, Vreugdenhil et al. 73 showed that miRNA-124 binds to the 3′ untranslated region of GR (NR3C1) and decreases its activity. Interestingly, these investigators also found that physiological miRNA-124 expression levels in several brain areas exceeds that of what is needed to reduce GR protein levels, suggesting a critical role for miRNA-124 in regulating GR activity. Since expression of NR3C1 gene is reduced after CORT administration, 74 our finding of upregulated miR-124 suggests that decreased GR by CORT could be associated with increased expression of miR-124. Not only GR but mineralocorticoid receptor is also a target of miR-124. It has been shown that acute stress regulates miR-124 in amygdala of mice in a negative manner which is inversely correlated with mineralocorticoid receptor expression. 71 As with our present study, Cao et al. 75 reported upregulation of miR-124 in hippocampus of rats subjected to unpredictable chronic mild stress, another model of depression. Interestingly, in Aplysia, serotonin Figure 4 . Elaboration of one of the canonical pathways, corticotropin-releasing hormone (CRH), affected by altered miRNAs in the CORT-treated group. Genes encircled in the pink color denote targets of altered miRNAs. IPA software was used to generate this pathway. IPA, Ingenuity Pathway Analysis Software; miRNA, microRNA.
miRNAs and chronic corticosterone-induced depression Y Dwivedi et al rapidly and robustly regulates miRNA-124. 72 MiR-124 responds to serotonin by de-repressing CREB and thereby enhances serotonindependent long-term facilitation. 72 In future, it will be interesting to examine whether manipulation of miR-124 can lead to depression phenotype.
Our study also shows that one of the highly predictable canonical pathways that are affected by CORT is corticotropin-releasing hormone signaling. Individual target analysis suggests that chaperone proteins FKBP4 and FKBP5 that are critical for the binding affinity of GR and consequent corticotropin-releasing hormone-mediated stress response are targets of a set of miRNAs: miR-203, 721, 29a, and 137. FKBP5 has not only emerged as a strong candidate gene in depression 76 but genetic variation in FKBP5 has been shown to be associated with the extent of stress hormone dysregulation in this disorder. 77 FKBP5 gene is also altered by chronic exposure to stress and knocking down this gene shapes the behavioral and neuroendocrine phenotype in rodents. 78 Altogether, our study points to probable mechanisms by which chronic CORT may induce depression phenotype by altering a select group of miRNAs and associated networks. This inference needs to be further supported by additional in vivo experiments. Recently, Rinaldi et al. 79 reported that acute restraint stress causes a transient increase in the expression of selected miRNAs in the frontal cortex. It will be interesting to examine how these miRNAs are regulated under acute CORT response as maladaptive response to long-term elevated CORT is responsible for inducing depression. Delineating acute vs chronic CORT responses will thus differentiate adaptive and maladaptive miRNA-induced network changes and their role in the development of depression phenotype. In addition, it will be critical to correlate our findings with mRNA and protein expression of target genes.
